based on an anatomical brain atlas and optimizes the scanning process inherent to MUSIC approaches. We evaluated RTC-MUSIC by analyzing MEG auditory and somatosensory data. The results demonstrate that the proposed method localizes sources reliably. For the auditory experiment the most dominant correlated source pair was located bilaterally in the superior temporal gyri. The highest activation in the somatosensory experiment was found in the contra-lateral primary somatosensory cortex.
Introduction
Real-time source estimation based on MEG and EEG can help to better understand brain functions Ziegler et al. 2010; Sudre et al. 2011) and to create more effective brain-computer interface (BCI) systems (Besserve et al. 2011; Lotte et al. 2009; Noirhomme et al. 2008; Congedo et al. 2006; Qin et al. 2004; Buch et al. 2008 ). There are two major challenges in real-time source localization: the low SNR and the limited time available for computations. In this work, we present RTC-MUSIC, derived from RAP-MUSIC (Mosher and Leahy 1999) , which allows to quickly obtain sparse real-time localization results based on an anatomical brain atlas. RAP-MUSIC is a scanning approach, which provides information on correlated source pairs in addition to the location. It reduces the activity pattern to a sparse set of the most prominent sources. In RTC-MUSIC, the forward problem is optimized by reducing the gain matrix to the most representative sources. This makes the gain matrix better conditioned leading to the ability to Abstract Magnetoencephalography (MEG) and electroencephalography provide a high temporal resolution, which allows estimation of the detailed time courses of neuronal activity. However, in real-time analysis of these data two major challenges must be handled: the low signal-to-noise ratio (SNR) and the limited time available for computations. In this work, we present real-time clustered multiple signal classification (RTC-MUSIC) a real-time source localization algorithm, which can handle low SNRs and can reduce the computational effort. It provides correlation information together with sparse source estimation results, which can, e.g., be used to identify evoked responses with high sensitivity. RTC-MUSIC clusters the forward solution (Dinh et al. 2015) . The decimation of the gain matrix also reduces the computational effort. To preserve the location information, this decimation is done per cortical parcel. The parcels are part of a functional brain atlas and have, therefore, a physiological relevance, which helps to interpret the highly transient brain activation in realtime analysis. The application of correlated scanning approaches for source localization on a real-time data stream is only feasible when the algorithm itself is accelerated and the calculations are optimized. In this work, we present a performance-optimized and parallelized RTC-MUSIC algorithm, which can estimate sources in real-time.
Results
Compared to RAP-MUSIC, RTC-MUSIC results in a significant reduction of the computational effort, see Fig. 1 . Approximately half of the reductions are based on methodical improvements. Harnessing Powell's conjugate direction method resulted in a further reduction of the remaining computational effort by three orders of magnitude. Finally, reduction of the forward solution with clustering results in an additional acceleration by reducing the task by another two orders of magnitude, see supplementary material S.1.1. Sampling rates up to1250 Hz together with a clustered gain matrix mapping 416 brain regions to 306 MEG sensors were successfully tested. The measured real-time delays of 23.22 ± 24.27 ms for 100 ms windows, i.e., 125 samples, allows for real-time localizations with the Elekta Neuromag ® VectorView 306 ™ . We compared RAP-and RTC-MUSIC in a simulation study across different noise levels, see S.1.2 and S.2.2. Both RTC-and RAP-MUSIC showed to be suitable for single-trial noise levels, which were −12.09 dB across all channels and −9.88 dB for the auditory and somatosensory data, respectively. The original RAP-MUSIC had a slightly increased accuracy for the correlated dipole at lower noise levels, see S.2.2.
Subsequently, the localization precision of RAP-and RTC-MUSIC were evaluated on real data using a dipole fit as a reference, which is independent of the introduced clustering approach. The dipole activities were mapped to their related regions and used as active reference regions.
RAP-and RTC-MUSIC are subspace correlation methods, which were applied to the signal subspace, determined from the SVD of the data, see (S.1.1 Eq. (10)). Consequently, they require an adequate dimensioned observation time window to deliver useful results. As a first step, we investigated the effect of the length of the analysis window, see Fig. 2 .
We used a time window of 100 ms to localize one auditory correlated dipole pair, which was a good trade-off between the transient auditory patterns and a sufficiently long window, see Fig. 2 . We did not use the recursive search capabilities of RTC-/RAP-MUSIC, i.e., we found only the most prominent source.
The closest distance between the localized RTC-and RAP-MUSIC regions and the reference region was taken as error measure. In case of the auditory evoked response, the most active correlated regions are located at the contra-and ipsilateral auditory cortex, see Fig. 3 .
The most active region of the correlated pair matches the contralateral N100 dipole activity. RTC-MUSIC shows a localization precision similar to RAP-MUSIC. Friedman's test revealed that there is no significant difference in the RTC-and RAP-MUSIC localization errors. The test was separately applied for each average comprising all four subjects and two auditory measurements each. The singletrial errors showed the lowest p-values with p LH = 0.02 for the error in the left hemisphere and p RH = 0.25 in the right hemisphere, see Fig. 3 .
Results based on somatosensory evoked responses can be found in supplementary material S.2.3. (19) and (20): influence of the a number of gain matrix dipoles, b number of sensors, c number of localized sources of RTC-and RAP-MUSIC Fig. 2 Mean of the largest and second largest singular value over window size. The estimation is based on post auditory stimulus data starting from 100 ms increasing the window size sample-wise to 300 ms resulting in a maximal window of 200 ms. This visualizes the impact of the window size on the data rank, i.e., number of localizable source pairs. The largest singular value has a relative robust plateau using a 100 ms window size Fig. 3 a Localization error of RAP-MUSIC and RTC-MUSIC using the N100 dipole fit as reference. The analyzed time window ranges from 100 to 200 ms. Friedman's test comparing each number of averages separately across all subjects showed that there is no significant difference between the RAP-MUSIC and RTC-MUSIC localization errors given a significance level of p = 0.01. b RTC-MUSIC localization result of a right auditory stimulus using 2 averages. The localization was performed using a window size of 100 ms. The figure shows the most active correlated dipole pair (regions depicted in white)
Discussion
The two major real-time source localization challenges, the low SNR and the limited time available for the computations, were successfully addressed by the reduction of the gain matrix similar to (Dinh et al. 2015) . The computational effort was further reduced by introducing computational improvements in the RAP-MUSIC calculation and the application of Powell's conjugate direction method (Diwakar et al. 2011 ). Powell's conjugate direction method integrated seamlessly into RTC-MUSIC and is a fast search algorithm as no gradient computations are needed. In future work, we plan to improve the performance of Powell search by introducing a taboo list to prevent calculating recurring combinations. With the GPU implementation, we were able to show the great scalability of RTC-MUSIC to many-core systems, which allows the analysis of large problems with appropriate hardware.
RTC-MUSIC shows a localization accuracy that is not significantly different from that of RAP-MUSIC. Even so, Powell's search can have the disadvantage of converging to a local maximum. With both RTC-and RAP-MUSIC we were able to obtain reliable localization results down to singletrial auditory responses. The auditory response was localized at and around the contra-and ipsilateral superior temporal gyrus using one correlated dipole pair. This is an improvement from our previous results with RTC-MNE (Dinh et al. 2015) . We can now compute source estimates from lower-SNR data and are able to localize the sources from singletrial data in real-time. Furthermore, RTC-MUSIC produces sparse estimates and the sources can be correlated, which is often an advantage.
To follow rapidly evolving activity, we employed short observation time windows. Therefore, the analyzed data windows have a low rank indicating only a small number of sources to find. Consequently, we only evaluated the most prominent source not using the recursive iteration capabilities both RTC-and RAP-MUSIC provide.
Despite the use of Powell's iterative search algorithm, the variance of the calculation time of RTC-MUSIC result was small, which allowed us to conduct real-time source localizations.
The real-time data processing chains were realized with our MNE Scan (Dinh et al. 2013) software. MNE Scan is part of our open-source electrophysiological data processing software MNE-CPP (https://mne-cpp.org).
Supplementary Material
For a detailed methodological description please consult our supplementary material 2.
A video of RTC-MUSIC localizations can be found in supplementary material 1.
